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Bottom Production in pp Collisions at Large Hadron Collider Energies using Parton
Cascade Model
Rupa Chatterjee1, ∗ and Dinesh K. Srivastava1, †
1Variable Energy Cyclotron Centre, HBNI, 1/AF, Bidhan Nagar, Kolkata 700064, India
We study the production of bottom quarks in pp collisions at Large Hadron Collider energies using
previously developed parton cascade model to explore the impact of Landau Pomeranchuk Midgal
(LPM) effect on their dynamics. In contrast to the case for charm quarks reported recently, we find
only a marginal impact of the suppression of multiple scatterings of partons due to the LPM effect
on their production. It is felt that this happens as they are only produced in very hard collisions.
I. INTRODUCTION
The study of bottom production in relativistic colli-
sions of protons as well as heavy nuclei is quite important
for a variety of reasons. Their production in pp collisions
is expected to provide a stringent test of perturbative
Quantum Chromo Dynamics as the Q2 for their produc-
tion (≥ 4m2
b
) is of the order of 64–100 GeV2. Their decay
provides an important contribution to charm and J/Ψ
production. An accurate description of their production
is an important prerequisite in a search for new physics.
It is also expected that the angular correlation of b and
b may provide insight into the influences affecting their
movements in the plasma as well as, into the mechanism
of their production.
Their reasonably abundant production in AA collisions
at higher energies, the recent and planned increase in the
beam-luminosity and the detector systems for the exper-
iments at Large Hadron Collider (LHC) elevate them to
a unique position in the study of relativistic heavy ion
collisions, which are being investigated in order to ex-
plore the dynamics of production of Quark Gluon Plasma
(QGP) and its properties. The QGP is predicted to ex-
ist by lattice QCD calculations (see Refs. [1–3] and ref-
erences therein). It is also believed that QGP filled the
nascent Universe till about a few microseconds after the
Big Bang.
As bottom quarks are produced very early in the col-
lision (τ ≈ 1/2mb), they, or rather the bb duo, will be a
witness to the evolution of the system of initial partons-
from a pre-equilibrium stage of energetic partons to a
thermalized and possibly chemically equilibrated QGP
due to a vehement multiplication of partons and their
scatterings and then to a hadronised state, before under-
going freeze-out to a system of hadrons. In the mean time
the bb would have either formed an Υ (or one of its excited
states) or the bottom and anti-bottom quarks would have
drifted apart, buffeted by the energetic quarks and glu-
ons and weakening of the colour force between them due
to Debye screening, to be hadronized to form B-mesons.
Do bottom quarks thermalize in the plasma? Are they
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affected by the hydrodynamic flow which is believed to
develop in the system? If yes, to what extent? Do they
lose energy in the plasma (see e.g., [4–9], and references
therein) due to collision with partons or radiation of glu-
ons or both? Can they be developed as an effective tool
to determine the flavour dependence of jet quenching?
These and many other questions are expected to be an-
swered in precise detail in near future. The usual first
step in this direction is a comparison of their production
in nucleus-nucleus collisions with those for appropriately
normalized (by number of collisions) pp collisions.
This procedure has come under strain due to recent
findings which found ”QGP like” features in pp collisions,
especially in events having large multiplicities [10, 11].
A recent theoretical study of pp collisions at LHC ener-
gies [12] within Parton Cascade Model (PCM) suggested
onset of a substantial multiple scattering, necessary for
the formation of an interacting system. A further sup-
port for this was provided by the study of charm produc-
tion which gave indications of deviations in results for
calculations performed with and without multiple scat-
terings, already in minimum bias events for pp collisions
at LHC energies [13]. The experimental data were found
to indicate a preference for results of the calculations ob-
tained with the inclusion of Landau PomeranchukMidgal
(LPM) effect and multiple scatterings for low transverse
momenta and central rapidities.
Does this happen for bottom production as well? Con-
sidering that bottom quark mass is much larger than the
charm quark mass, we expect that they may be produced
only in the initial hard scatterings and that the subse-
quent (multiple) scatterings may not entail a sufficiently
large momentum transfer for their production. The same
consideration would also affect the g → bb fragmentation,
as it would involve a very large virtuality for the scat-
tered gluon, in our description. Thus, even if there is an
increased mutiple scattering in (high multiplicity) pp col-
lisions, the bottom production may differ only marginally
for results of calculations with and without inclusion of
multiple collisions, once the LPM effect is accounted for.
If confirmed, this would provide a justification to con-
tinue to use the so-called medium modification factor
”RAA” with confidence as an accurate measure of the
medium modification of the bottom production due to
the formation of QGP in AA systems. We put this to
test in the following and find that it is indeed so.
2We very briefly discuss the necessary formulation in
the next scion, followed by a section giving our results.
Finally we give our conclusions.
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FIG. 1: (Color online) The transverse momentum distribution
of bottom quarks produced in pp collisions at
√
s = 7 TeV at
y = 0 for mb = 4.00 GeV (upper panel), 4.75 GeV (middle
panel) and 5.00 GeV (lower panel). The three calculations
involve multiple collisions among partons by neglecting and
including the LPM effect and collisions only among primary
partons with radiations off the scattered partons.
II. FORMULATION
We shall use the Monte Carlo implementation VNI/BMS
of the parton cascade model, discussed in detail by sev-
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FIG. 2: (Color online) The pT integrated rapidity spectra
for bottom quarks produced in pp collisions at
√
s = 7 TeV
for mb = 4.00 GeV (upper panel), 4.75 GeV (middle panel)
and 5.00 GeV (lower panel). The three calculations involve
multiple collisions among partons by neglecting and including
the LPM effect and collisions only among primary partons
with radiations off the scattered partons.
eral authors including the implementation of the LPM
effect and heavy quark production [14–19]. We obtain
the time-evolution of the ensemble of quarks and glu-
ons populating the nucleons (which populate the nuclei
in the case of AA collisions) on the basis of the Boltz-
mann equation. The 2 → 2 scatterings between light
quarks, heavy quarks and gluons, and the 2 → 3 reac-
tions via time-like branchings of the final-state partons
(see Ref. [15, 20]) are included following the procedure
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FIG. 3: (Color online) The transverse momentum distribution
of bottom quarks produced in pp collisions at
√
s = 13 TeV
at y = 0 for mb = 4.00 GeV (upper panel), 4.75 GeV (middle
panel) and 5.00 GeV (lower panel). The three calculations
involve multiple collisions among partons by neglecting and
including the LPM effect and collisions only among primary
partons with radiations off the scattered partons.
adopted in PYTHIA [21]. We add that this procedure is
known to account for higher order effects in the parton
scattering within Leading Logarithmic Approximation.
The two body matrix elements are regularized by im-
plementing a pcut-off
T
. The build up of soft gluons is reg-
ularized by implementing a virtuality cut-off µ0 for frag-
mentaions. We shall use a value of 2 GeV for pcut-off
T
and keep µ0 fixed at 1 GeV. The LPM [22] effect is im-
plemented using the procedure discussed in Ref. [17] by
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FIG. 4: (Color online) The pT integrated rapidity spectra
for bottom quarks produced in pp collisions at
√
s = 7 TeV
for mb = 4.00 GeV (upper panel), 4.75 GeV (middle panel)
and 5.00 GeV (lower panel). The three calculations involve
multiple collisions among partons by neglecting and including
the LPM effect and collisions only among primary partons
with radiations off the scattered partons.
assigning a formation time
τ =
ω
k2
T
, (1)
where kT is its transverse momentum with respect to
the emitter and ω is its energy. We further require that
the radiated particle does not interact with other par-
tons during the formation time. The radiating parton,
however, is allowed to interact, and if that happens dur-
ing the formation time, the radiated particle is removed
4from the list of partons forming the system. It has been
reported [13, 17] that the dependence of the results ob-
tained in the parton cascade model on µ0 is rather modest
once the LPM effect is accounted for.
The results for bottom production in pQCD depend
on the mass for the bottom quark used in the matrix
elements. Values ranging from 4 to 5 GeV have been
used in the literature. We give our results for the two
extremes as well as for the one used most often, 4.75
GeV [23].
The calculations are presented for pp collisions at
√
s =
7 and 13 TeV.
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FIG. 5: (Color online) Ratios of the transverse momentum
spectra at y = 0 (upper panel) and pT integrated rapidity
spectra (lower panel) for bottom quarks at at
√
s= 13 and 7
TeV, for mb = 4.00, 4.75 and 5.00 GeV.
III. RESULTS
We discuss our results for three sets of calculations. In
the first case, we put the formation time of the gluons
radiated off a final state parton in a hard scattering as
zero, which corresponds to ignoring the consequences of
the LPM effect.These results are given only as a reference
as we do know that LPM effect definitely affects the dy-
namics of light partons at low transverse momenta rather
substantially.
Next we give results where only primary partons (the
partons which initially populate the nucleons) interact
and radiate after scattering and thus exclude multiple
scatterings of partons. We emphasize that by multiple
scattering we imply a scenario where a given parton un-
dergoes several collisions.
Finally we give our results for calculations accounting
for multiple scatterings as well as the LPM effect. If the
results for the later two calculations differ significantly,
it would indicate that the bottom quark production is
affected by multiple scatterings in realistic situations af-
ter LPM effect is accounted for. We recall that there
are indications [13] that the results for charm production
are quite sensitive to these differing scenarios for lower
transverse momenta and central rapidities.
In Fig. 1 we give our results for the transverse momen-
tum distribution of bottom quarks for the three cases
mentioned above and for the three masses.
We see that for all the cases the complete neglect of
the LPM effect increases the production of bottom quarks
considerably as compared to the case when the LPM ef-
fect is accounted for. This, we think happens as the for-
mation time of the gluons delays their materialization,
while the system continues to expand and dilute, thus
reducing the chances of their undergoing multiple scat-
terings. In any case mutiple scatterings which are hard
enough to produce a pair of bb quarks are rather rare.
We also see that once LPM effect is accounted for, the
results for bottom production with and without inclusion
of multiple scatterings are nearly identical for the more
realistic values of mb, viz. 4.75 or 5.00 GeV. These as-
pects become even more clear when we look at the pT
integrated rapidity spectra (Fig 2), where we see that for
these masses the rapidity spectra for bottom quarks are
quite close when the LPM effect is accounted for. This
suggests that the inclusion of multiple scatterings does
not lead to additional production of bottom quarks for
reasonable values of mb. The deviations seen for mb =
4.00 GeV are similar in nature, though much smaller than
that for the production of charm quarks reported ear-
lier [13]
The corresponding results for pp collisions at 13 TeV
are given in Figs. 3 and 4. We see that, while there is a
larger production of bottom quarks as the energy rises,
the relative trends of the productions for different masses
and the three production scenarios remain similar to the
case of collisions at 7 TeV earlier.
These results suggest that when LPM effect is ac-
counted for the contribution of multiple scatterings of
partons (where the same parton interacts repeatedly) to
bottom production is rather marginal for reasonable val-
ues of the mb.
Finally, we give the ratio of production of bottom
quarks as a function of transverse momenta for y = 0
and as a function of rapidity for pT integrated results
(Fig. 5). We see that the production of bottom quarks
at 13 TeV is about 1.4 times large than that at 7 TeV
as a function of pT at y = 0, while the pT integrated re-
5sults for the rapidity spectra are close to a value of 1.5 at
central rapidities and rise slowly to about 2 at more for-
ward (backward) rapidities. We note that there is only
a modest dependence of these ratios on the mass of the
bottom quarks used in the calculations.
We add that these corresponding ratios for cross-
sections can be obtained by multiplying these results with
σin(7 TeV)/σin(13 TeV) ≈ 0.9, and are similar to the re-
sults obtained from Fixed Order + Next to Leading Log
(FONLL) calculations reported earlier [23].
IV. SUMMARY AND CONCLUSIONS
We have reported results of calculations for produc-
tion of bottom quarks in pp collisions at Large Hadron
Collider energies using Parton Cascade Model.
We find that for reasonable values of the mass of bot-
tom quark (≈ 4.75 GeV or more) multiple scattering
of partons does not play any significant role for their
production, once Landau Pomeranchuk Midgal effect is
switched on. This, we feel, happens as multiple scat-
terings strongly affect the dynamics of partons at lower
transverse momenta, which however may not be able to
produce bottom quarks which have a large mass, in con-
trast to the case of charm quarks reported earlier.
This suggests that the usual nuclear modification fac-
tor RAA for bottom quarks can be used with relative
confidence to obtain medium modification of bottom pro-
duction in relativistic collision of heavy nuclei at Large
Hadron Collider.
These results taken along with our earlier findings
about charm quarks [13] elevate bottom quarks to a pre-
eminent position to study medium modification of heavy
quark production in AA collisions by comparing the same
to that for pp collisions, while the charm quarks are ele-
vated to a pre-eminent position for confirming the advent
of an interacting medium in pp collisions at LHC ener-
gies, where multiple semi-hard partonic collisions take
place even when LPM effects are accounted for.
Acknowledgments
DKS gratefully acknowledges the support by the De-
partment of Atomic Energy. We thank the Computer
and Informatics Group, Variable Energy Cyclotron Cen-
tre, Kolkata for providing the computing facility neces-
sary for these studies.
[1] C. Ratti, J. Phys. Conf. Ser. 736 (2016) no.1, 012001.
[2] C. Ratti, J. Phys. Conf. Ser. 779 (2017) no.1, 012016.
[3] C. Ratti, arXiv:1804.07810 [hep-lat].
[4] B. Svetitsky, Phys. Rev. D 37 (1988) 2484.
[5] M. Golam Mustafa, D. Pal and D. Kumar Srivastava,
Phys. Rev. C 57 (1998) 889 Erratum: [Phys. Rev. C 57
(1998) 3499].
[6] M. G. Mustafa, D. Pal, D. K. Srivastava and M. Thoma,
Phys. Lett. B 428, 234 (1998).
[7] M. Djordjevic and M. Gyulassy, Nucl. Phys. A 733, 265
(2004).
[8] M. Djordjevic, Phys. Rev. C 74, 064907 (2006).
[9] R. Abir, U. Jamil, M. G. Mustafa and D. K. Srivastava,
Phys. Lett. B 715, 183 (2012).
[10] J. Adam et al. [ALICE Collaboration], Nature Phys. 13
(2017) 535.
[11] V. Khachatryan et al. [CMS Collaboration], Phys. Lett.
B 765 (2017) 193.
[12] D. K. Srivastava, R. Chatterjee and S. A. Bass, Phys.
Rev. C 97 (2018) no.6, 064910.
[13] D. K. Srivastava, R. Chatterjee and S. A. Bass, Phys.
Rev. C 98, no. 5, 054910 (2018).
[14] K. Geiger and B. Muller, Nucl. Phys. B369, 600 (1992).
[15] S. A. Bass, B. Muller, and D. K. Srivastava, Phys. Lett.
B551, 277 (2003).
[16] D. K. Srivastava, S. A. Bass and R. Chatterjee, Phys.
Rev. C 96, 064906 (2017).
[17] T. Renk, S. A. Bass, and D. K. Srivastava, Phys. Lett.
B632, 632 (2006).
[18] S. A. Bass, B. Muller, and D. K. Srivastava, Phys. Rev.
Lett. 91, 052302 (2003).
[19] S. A. Bass, T. Renk and D. K. Srivastava, Nucl. Phys.
A 783 (2007) 367.
[20] G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977).
[21] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605
(2006) 026.
[22] L. D. Landau and I. Pomeranchuk, Dokl. Akad. Nauk
Ser. Fiz. 92 (1953) 735, L. D. Landau and I. Pomer-
anchuk, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 535,
A. B. Midgal, Phys. Rev. 103, 1811 (1956).
[23] M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano,
P. Nason and G. Ridolfi, JHEP 1210, 137 (2012).
